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Abstract— As passive mixers (N-path filters) are being used
more frequently and in more applications, it becomes increasingly
important to understand how various non-idealities affect the
performance of passive mixer circuits. One such non-ideality
is perturbations in the local oscillator (LO), including phase
noise. Here, we consider a basic N-path filter and develop a
preliminary model to analyze the effects of LO phase pertur-
bations in shunting N-path filters. We do so by developing a
transfer function from phase perturbations in the LO to voltage
perturbations on a strong RF signal at the mixer’s RF port.
We find that LO phase noise is suppressed where it is strongest
(i.e., for small offset frequencies). As a result the RF spectrum’s
noise peak does not appear around the signal tone, but rather
around the LO frequency, due to the bandpass characteristic
generated by a typical capacitive baseband load. These analytical
results are verified using numerical and schematic simulation in
custom software and Cadence, and they are further confirmed by
measurement of a frequency-scaled, board-level implementation
of an N-path filter.

Index Terms— Passive mixer, N-path filter, bandpass filtering,
SAW-less, phase noise, inductorless filter.

I. INTRODUCTION

PASSIVE-MIXER based (N-path) filters, while known for

decades [1], have seen a recent explosion of interest in the

field of RF integrated circuits, both as down-conversion mix-

ers [2] and as explicit, tunable RF filters [3]. Perhaps their most

striking property stems from their ability to bidirectionally

translate impedance across frequency. Specifically, an N-path

passive mixer will translate (upconvert) the impedance seen

on its N-terminal baseband port to its RF port, and vice-

versa. When that baseband impedance is a simple RC low-

pass impedance, the result is a band-pass RF impedance with

a half-bandwidth equal to the baseband LPF bandwidth, and a

center frequency set by the local oscillator (LO) of the mixer.

Critically, since center frequency and bandwidth are decou-

pled, this permits a widely tunable and arbitrarily high Q to

be synthesized with baseband circuitry, while simultaneously

supporting (through LO generation circuitry) a highly tunable

center frequency. This combination of properties is extraordi-

narily difficult to create using only static (LTI) components.
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Due to these properties, structures similar to N-path filters have

found their way into other interesting application spaces, such

as passive mixer-first receiver architectures [4]–[6], full-duplex

radio [7], [8], and others [9], [10].

While passive LTI RF filters struggle to offer tunability

and high-Q in a small area, they add very little noise to the

signal path. If N-path filters are used to replace bulky passive

filters, they may not be able to match the noise performance

of passives. However, work to date has had little to say about

how LO phase noise and other LO perturbations impact N-

path filters and other passive mixer applications. When used

strictly as down-converters, LO phase noise interacts with

input signals in passive mixers exactly as it does in more

standard, active mixers: Strong RF signals interact with an

LO’s phase noise skirt to generate baseband noise around

the down-converted RF signal, as shown in Figure 1. Phase

noise contributed by the input signal (Vs in Figure 1) has

been addressed in [15], and other LO non-idealities like

overlap between the N LO pulses have also been analyzed

in [6], [14], [15]. It remains unknown how phase noise present

on the LO is transferred to the RF port due to RF signals—a

critical circuit characteristic for N-path filter applications that

are sensitive to noise, such as [4]–[8].

In this paper we introduce for the first time to our knowledge

the impact of LO phase perturbations on shunting band-

pass N-path filters at an intuitive level, an analytical level,

with numerical simulation, and with real-world measurements.

In all cases we show that phase perturbations (i.e. phase noise)

in the LO does indeed corrupt the RF spectrum when strong

RF signals are present, and we also show that the shape of

the transfer function, and therefore the output noise spectrum

is a strong function of not just the phase noise itself, but

of the frequency of RF signals, and the filtering properties

of the baseband circuit. The paper is organized as follows:

Section II contains initial qualitative analysis of an N-path

filter to examine what the expected effects of LO phase noise

are on the RF spectrum of an N-path filter. In Section III we

quantitatively derive the N-path filter’s RF spectrum in the

presence of LO phase perturbations. Finally, in Section IV,

the results of Section III are compared with various numerical

simulations and measurements of a frequency-scaled imple-

mentation of an N-path filter to check their validity.

II. QUALITATIVE LOOK AT THE RF NOISE SPECTRUM

A schematic of an N-path filter is shown in Figure 3,

where Vs is the RF input to the circuit, SL O is the noisy LO,

and M1 is an N-phase passive mixer (where N = 4). To reason
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Fig. 1. An example N-path filter with a noisy LO. If the voltage at the
RF port is noiseless, standard reciprocal mixing combined with the baseband
impedance creates the baseband noise spectrum shown above. However, in an
N-path filter, that baseband noise is re-upconverted by the noisy LO, putting
noise onto the RF port. A model for the re-upconversion of baseband noise,
and the further effects once that noise appears at the RF port are the topics
of this paper.

Fig. 2. Comparison of a typical N-path filter with a simple passive filter.
N-path filters can synthesize a high-Q bandpass transfer function using
baseband circuitry rather than high-Q RF components, as would typically
be needed to generate Z RF in a simple passive filter.

Fig. 3. The circuit under analysis in this paper—an N-path filter built
using a passive mixer. In this paper we model the mixer as an ideal,
bidirectional multiplier, as shown in the left schematic. However, a more
realistic representation of the mixer is shown on the right, where an ideal
4-phase mixer is displayed.

about how phase noise maps from the LO to the RF port, we

will treat all aspects of the circuit except the LO as noiseless.

We will also ignore all LO harmonic down- and up-conversion

effects. As drawn in Figure 3, VRF depends on the source Vs ,

as well as the upconverted baseband voltage.

A. Noiseless Time Domain Behavior of N-Path Filters

To model the effects of mixing and impedance, we can

explicitly separate signal down-conversion (in current mode),

Fig. 4. A qualitative, frequency domain look at the behavior of the circuit
in Figure 3 if FRF is far from FL O . Here the white phase noise on the LO
is mapped onto the baseband current through the downconversion step, the
signal and noise are filtered, and the resulting voltage is upconverted. The
upconversion step does not add significant noise close to FL O due to the
attenuation of the (out-of-band) signal by the baseband filtering.

the conversion of baseband current to voltage via the base-

band impedance, and then the resulting re-upconversion in

voltage mode, producing an I-to-V relationship. However, it

is important to recognize that these two operations happen

simultaneously in the same single set of switches. This sepa-

ration results in the diagram in Figure 5. Following from left

to right, an input current IRF at frequency FRF is multiplied

by N windows corresponding to the N non-overlapping LO

pulses (N = 8 in this example). The baseband impedance then

low-pass filters these current pulses, resulting in N baseband

voltages. For an in-band tone (as considered in Figure 5), the

current pulses are nearly identical from period to period, as

FRF ≈ FL O . So, for some baseband nodes, current consis-

tently charges the baseband capacitor, maintaining a significant

DC level. For an out-of-band input, a single baseband node

will end up sampling many different points on the input

sinusoid (as FRF and FL O differ significantly), and because

the average of a sinusoidal input is 0, no baseband voltages are

generated for an out-of-band input. For either case, each of the

resulting N baseband voltages are connected to the RF node in

sequence. This process generates a staircase representation of

the input current as an output voltage VRF , whose amplitude

decreases as FRF diverges from FL O .

This process as demonstrated in Figure 5 assumes a number

of idealities, one of which is perfect LO pulses. Assumed in

our discussion so far are instantaneous rise and fall times,

no overlapping between pulses, and no phase noise. While

analysis has been done on the effects of non-zero rise and

fall times, as well as the effects of overlapping LO pulses [6],

[14], [15], it remains unknown how LO phase noise affects the

operation of an N-path filter. To begin our analysis, we first

consider the noise-shaping effects of the baseband impedance

for an out-of-band input. Then we look from a time-domain

perspective and find that we should expect close-in phase noise

to be suppressed by the circuit for all input frequencies.

B. Qualitative Noise Analysis of N-Path Filters

For an out-of-band RF signal (Figure 4), cyclic sampling

onto the baseband capacitances will convert the RF signal to

baseband signal current as well as noise current resulting from
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Fig. 5. An illustration of how cyclic down- and up-sampling occurs in an N-path filter with ideal, noiseless LO pulses. Here we assume a in-band current
input IRF and chose N = 8. First the input current is windowed by the LO pulses across N baseband nodes, then the capacitive baseband impedance averages
the baseband current and generates a baseband voltage. Finally, the N baseband voltages are recombined by the same LO generating a re-upconverted voltage.

the RF signal interacting with LO phase noise. The baseband

impedance then converts these currents to a voltage while low-

pass filtering both. This results in significant suppression of the

(out-of-band) signal and shapes the noise. The resulting base-

band signal is then re-upconverted, through cyclic upsampling

from the baseband capacitors. Baseband noise on the sampling

capacitors is directly upconverted and appears at the RF port

as a noise peak around FL O . However, additional noise is

added during upconversion just as it was for downconversion.

This noise arises from the RF signal interacting with LO phase

noise, and because the RF signal was greatly attenuated by the

baseband impedance, we can assume for a far enough out-of-

band input, the upconversion noise power is small compared

with that at the peak around FL O .

For an in-band tone, we cannot simply ignore the noise from

upconversion, as the signal is not attenuated by the baseband

impedance. If the noise terms introduced by up- and down-

conversion are independent, the results simply sum—however,

we expect the noise will not be independent, as the same LO

produces both up- and downconversion simultaneously.

If we return to time-domain analysis as in Figure 5, we

can consider what happens if each LO pulse’s edges vary

with some noise from cycle to cycle in time. Rapid variations

in edge timing (far-out phase noise) introduce errors in each

of the baseband currents that change on a near per-cycle

basis. These rapidly changing error currents are filtered out

by the baseband capacitors, but are then re-introduced by the

upconversion step. So, given an in-band tone, the effects for

far-out phase noise are the reverse of the out-of-band case

discussed above—The baseband filtering makes the noise from

downconversion negligible, and the noise introduced during

upconversion dominates.

For slowly varying edge timing (close-in phase noise), the

story is different. Errors introduced during downconversion

in this case are slowly varying, and therefore are not filtered

Fig. 6. A qualitative, frequency domain analysis of an N-path filter with
LO phase noise given an in-band RF input current. As discussed in the text,
close-in noise is canceled, and far-out phase noise from the upconversion step
dominates over that of the downconversion step due to the baseband filtering
characteristic.

by the baseband impedance. Because re-upconversion happens

simultaneously in the same N switches as downconversion, the

exact same timing errors are repeated during upconversion. So,

although there exists slowly varying noise in the baseband,

having the identical timing errors in re-upconversion means

the baseband voltage will still map out the input signal

accurately. Therefore, almost no noise power is contributed

by close-in phase noise. The resulting RF noise spectrum for

an in-band tone is shown in Figure 6—far from Fs and FL O

the upconversion noise which was not filtered by the baseband

dominates, however close-in noise is, in effect, canceled and

a notch appears in the RF spectrum. As will be seen in the

next section, close-in noise is in fact canceled at all times, not

just for an in-band tone.

III. MATHEMATICAL ANALYSIS OF N-PATH FILTERS

Existing quantitative analysis of passive mixers can be

done by modeling the impedance looking into the RF port

over frequency with an LTI model [11], [12]. While this

is convenient, passive mixers cannot be modeled with an
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TABLE I

TABLE OF MATHEMATICAL TERMS USED IN THIS DERIVATION

typical LTI impedance when phase noise is present on the

LO, as some of the signal power will be shifted to other

frequencies by phase perturbations (as we saw qualitatively

above). To analyze what happens when phase noise is present,

we will proceed as follows:

First, we will analyze the circuit in Figure 3 assuming a

noiseless LO. To do so, we will derive the RF-current-to-

RF-voltage characteristic of the passive mixer in isolation by

modeling the mixer the same way as in Section II, except

we will rigorously keep track of both I and Q mixing paths.

Once the I-to-V characteristic is established, that result can

be used as part of a feedback loop to find the behavior of

the full system, including the source impedance Zs . Because

the LO is noiseless, we will find that the I-to-V character-

istic is simply an input frequency-dependent impedance as

expected.

We will then replace the noiseless LO with an LO con-

taining phase perturbations (noise), and repeat the analysis.

This time, the I-to-V characteristic of the passive mixer will

consist of two components: 1) The signal current (IRF,s) to

signal voltage (VRF,s) behavior without phase perturbations,

and 2) The signal current (IRF,s) to noise voltage (VRF,n)

behavior that captures how voltage is generated at frequencies

other than the frequency of the input current.

Finally, given how an input current signal generates an RF

voltage including both signal and noise components, we can

solve for the full circuit behavior, and find the resulting VRF

including the effects of both Zs and phase perturbations in the

LO interacting with the baseband impedance Z B B .

In our analysis, we define many terms to keep our expres-

sions manageable. Table I serves as a reference for all of

the terms defined during the derivation for the convenience

of readers.

A. Signal Propagation

As per the roadmap above, we start by assuming a noiseless

LO and looking at how a current signal into the mixer (IRF,s)

at frequency ωs produces an output voltage (VRF,s). We can

model the mixer as in Figure 7 with two quadrature multipliers,

one in the current domain, and the other in the voltage domain,

separated by an impedance which filters the current signals as

it transforms them into voltages.

We start by describing the RF current into the mixer as:

IRF,s(t) = A cos (ωs t + θ)

IRF,s(ω) =
A

2

[

e− jθδ(ω − ωs) + e jθδ(ω + ωs)
]

(1)

and describing the (for now noiseless) quadrature LO:

SL O,I s(t) = cos (ωL O t)

SL O,Qs(t) = − sin (ωL O t) (2)

SL O,I s (ω) =
1

2

[

δ(ω − ωL O ) + δ(ω + ωL O )
]

SL O,Qs(ω) =
j

2

[

δ(ω − ωL O ) − δ(ω + ωL O )
]

(3)
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Fig. 7. The current-to-voltage behavior of the passive mixer in Figure 3,
with down and upconversion separated into explicit steps. First, the RF input
current is multiplied by the quadrature LO, then the baseband impedance
converts that current to a voltage, and finally the result is re-upconverted in
the voltage domain to produce a voltage at the mixer’s RF port.

Given these definitions, we can solve for VRF,s by con-

volving IRF,s with SL O,I s and SL O,Qs to generate I and Q

output currents at ω = ωs ± ωL O . Then we can multiply

these currents by Z B B,I (ω) and Z B B,Q(ω) to generate I and

Q voltages, and finally convolving once more with SL O,I s and

SL O,Qs respectively. This gives the result:

VRF,s =
[

Z B B,I (ω)[IRF,s(ω) ∗ SL O,I s (ω)]
]

∗ SL O,I s(ω)

+

[

Z B B,Q(ω)[IRF,s(ω) ∗ SL O,Qs(ω)]
]

∗ SL O,Qs(ω)

(4)

which simplifies to:

VRF,s = IRF,s

[

Z B B(ωs − ωL O ) + Z B B(ωs + ωL O )
]

= IRF,s Zmix (ωs) (5)

given:

Z B B(ω) = Z B B,I (ω)||Z B B,Q(ω)

Zmix (ωs) ≡ Z B B(ωs − ωL O) + Z B B(ωs + ωL O) (6)

While the individual nested convolution operations in equa-

tion (5) lead to terms at frequencies ωs − 2ωL O , ωs , and

ωs+2ωL O , summing I and Q paths cancels all but the ωs terms

regardless of the baseband filtering in a similar way to standard

image rejection. This returns the signal to its original input

frequency, and allowing us to define an LTI impedance Zmix

as previously asserted. The critical implication of this result

is that the RF voltage’s amplitude and phase depend on the

âŁœbasebandâŁž impedance at both the sum and difference

frequencies, summed together. For a typical RC low-pass Z B B ,

this results in band-pass behavior in Zmix (ω) with peaks at

ω = ±ωL O .

Finally, to incorporate Zs , we describe the full circuit in

Figure 3 using the block diagram in Figure 8, which allows

us to find the transfer function from Vs to VRF of the full

circuit (without LO phase noise):

VRF,s(ωs)

Vs(ωs)
=

Zmix (ωs)

Zmix (ωs) + Zs(ωs)
(7)

Fig. 8. An LTI block diagram describing the circuit in Figure 3 assuming
an ideal, noiseless LO. The mixer can be represented with an impedance
Zmix , which is the sum of the baseband impedance evaluated at ω + ωL O
and ω − ωL O (see Table I).

B. Phase Perturbation Model

Now that we have a description of how signal propagates

through the system, we can look at how LO phase perturba-

tions can interact with the signal to generate perturbation terms

at frequencies other than ωs in VRF . SL O,I and SL O,Q will

describe a quadrature LO with a small amount of phase noise.

Starting with a cosine containing a random noise function ψ(t)

to model phase perturbations, we assume that all the frequency

components of ψ(t)’s Fourier Series are all small (εn << 1,

with random phase φn).

SL O,I (t) = cos [ωL O t + ψ(t)]

= cos

[

ωL O t +

∞
∑

n=0

2εn cos (ωn t + φn)

]

(8)

Since our primary interest is in how phase perturbations of

the LO translate to voltage perturbations on the RF port, we

can analyze how a perturbation at a given frequency offset (ωn)

translates to a given perturbation in VRF . Put another way,

we are interested in an offset frequency-dependent transfer

function from LO phase perturbations to RF voltage.

We pick out a given term of the Fourier Series of ψ(t) to

analyze in depth. In order to capture how all frequencies of

phase noise reach the final output, the frequency of this term

(ωn) will be swept from 0 to ∞ and the results superposed.

We apply the assumption that εn is small in equation (9) by

using a first-order Taylor expansion on cos (x).

SL O,I (t) = cos [ωL O t + 2εn cos (ωn t + φn)]

= cos (ωL O t) − εn sin [(ωL O + ωn)t + φn]

− εn sin [(ωL O − ωn)t − φn]

= SL O,I s + εn SL O,I n (9)

Similarly we define SL O,Q(t) = sin [ωL O t + ψ(t)], and the

same analysis is performed as was just done for SL O,I , we find
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an expression for SL O,Q(t):

SL O,Q(t) = sin (ωL O t) + εn cos [(ωL O + ωn)t + φn]

+ εn cos [(ωL O − ωn)t − φn]

= SL O,Qs + εn SL O,Qn (10)

C. Formulation of Interactions Between

Signal and Phase Noise

Next we analyze the IRF to VRF interactions as in Section

A, simply substituting equation (9) for SL O,I s . For compact-

ness, we will derive signal-noise interactions only for the I

path. The Q path yields similar results, but shifted by π/2

radians.

SL O,I (ω) = FT {SL O,I s(t) + εn SL O,I n(t)}

= SL O,I s (ω) + εn SL O,I n(ω) (11)

Since our goal for now is to find how an input current at

the signal frequency generates an output voltage at various

frequencies, we plug in IRF,s(t) = A cos (ωs t + θ) exactly as

in Section A to find the I (and Q) components of the baseband

current:

IB B,I = IRF,s ∗ (SL O,I s + εn SL O,I n)

= IB B,I s,low + εn IB B,I n,low

+ IB B,I s,high + εn IB B,I n,high (12)

where the frequency of each term is noted in Table I.

With the noisy LO used for current-mode mixing, we have

the same baseband signal terms at ωs ± ωL O (IB B,I s,low and

IB B,I s,high), but we also have terms resulting from the phase

perturbation on the LO: IB B,I n,low, IB B,I n,high , IB B,Qn,low,

and IB B,Qn,high . Once again, these signals interact with the

baseband impedance, producing VB B,I and VB B,Q , however

there is one added complication. Because SL O,I n and SL O,Qn

have components at two separate frequencies, we cannot write

a single frequency with which to evaluate Z B B when finding

how the current noise terms (IB B,I n,low, etc.) are converted

to voltage noise terms (VB B,I n,low, etc.). To avoid expanding

these noise terms even further, we introduce a shorthand

“±ωn”, which is used to indicate that there are two frequencies

to be evaluated in each noise term.

VB B,I n,high = εn IB B,I n,high Z B B,I (ωs + ωL O ± ωn)

VB B,I n,low = εn IB B,I n,low Z B B,Q(ωs − ωL O ± ωn) (13)

VB B,I = VB B,I s,high + VB B,I s,low

+ VB B,I n,high + VB B,I n,low (14)

When these voltage signals are then re-upconverted, the

result will include four terms: 1) The signal term from section

A (VRF,s), 2) The baseband noise from the above equation

multiplied by the primary LO tone, 3) A new noise term

introduced by the phase perturbations in the LO interacting

with the baseband signal, 4) The baseband noise translated by

Fig. 9. A model for the mixer including an LO with phase perturbations
at the offset frequency ±ωn . VRF contains an identical component to the
noiseless case (VRF,s ), and a new term which is translated in frequency and
then sees the effective impedance Zn .

phase perturbations rather than the primary LO tone.

VRF = VB B,I ∗ (SL O,I s + εn SL O,I n)

+ VB B,Q ∗ (SL O,Qs + εn SL O,Qn)

VRF = VRF,s + εn(upconverted BB noise)

+ εn(BB signal upconverted by noise)

+ ε2
n(BB noise upconverted by noise) (15)

The last term is of magnitude ε2
n and so can be neglected

under the assumption of small εn . Additionally, the quadrature

mixing will eliminate images at ωs + 2ωL O ± ωn and ωs −

2ωL O ± ωn generated by this upconversion step the same as

in section A with the signal terms. If VRF is expanded and

simplified (see Appendix A), the noise terms appear at only

two frequencies ωs ± ωn :

VRF = VRF,n + VRF,s

= εn

[

IRF,s ∗ (SL O,I s ∗ SL O,I n + SL O,Qs ∗ SL O,Qn)
]

·

[

Z B B(ωs + ωL O) − Z B B(ωs − ωL O)

+ Z B B(ωs − ωL O ± ωn)

− Z B B(ωs + ωL O ± ωn)
]

+ VRF,s (16)

In equation (16), VRF,s represents the result from section A

(IRF,s Zmix ), while the remaining term VRF,n represents the

new effects caused by phase perturbations in the LO. After

simplifying as in Appendix A, we find that VRF,n can be

written as the signal current IRF,s (shifted in frequency by

the various LO components to ωs ± ωn) multiplied by a new

apparent impedance, which depends in part on ωn (Figure 9).

In this form, [Z B B(ωs + ωL O) − Z B B(ωs − ωL O)] constitutes

the component of VRF,n caused by upconversion of baseband

signal by phase perturbations, while [Z B B(ωs − ωL O ± ωn) −

Z B B(ωs+ωL O±ωn)] corresponds to baseband noise generated

during down-conversion being upconverted by the main LO

signal. We can combine all of these impedance terms into a

single noise “impedance” Zn below:

Zn(ω) ≡

[

Z B B(ωs + ωL O ) − Z B B(ωs − ωL O )

+ Z B B(ω − ωL O) − Z B B(ω + ωL O)
]

(17)

D. Noise Interactions With Zs

To summarize our progress so far, we take a moment to

collect the results of previous sections. They are summarized
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TABLE II

SUMMARY OF ANALYTICAL RESULTS FROM PREVIOUS SECTIONS

Fig. 10. Modifying Figure 8 with our noisy mixer model from Figure 9
gives this block diagram. Each color represents voltage/current at a specific
frequency: orange is at ωs , blue is at ωs ± ωn , and green is at ωs ± 2ωn .

Because the VRF,n2 term is of order ε2
n , we ignore its contribution to VRF .

Therefore, IRF only contains significant components at ωs and ωs ± ωn

(IRF,s and IRF,n , respectively).

in Table II above. To complete our analysis including phase

perturbations in the LO, we need to consider the perturbation

voltage VRF,n found in Section C and its interaction with

the full circuit including the source impedance Zs . Therefore,

we modify the block diagram in Figure 8 to that shown in

Figure 10.

The I-to-V characteristic of the mixer generates the term

VRF,n (Figure 9), which contains frequency components other

than ωs (specifically, ωs ± ωn). Therefore, we cannot simply

use LTI feedback equations to find VRF , as VRF,n feeds back

into the mixer, and can generate more terms at ωs ± ωn .

To solve this, we can use the fact that the voltages and

currents at ωs and ωs ± ωn can be treated separately and

superposed. So we re-formulate Figure 10 into Figure 11.

In Figure 11, there are two loops, one containing only compo-

nents at ωs , and the other containing components at ωs ± ωn .

This way, each loop can be solved using LTI analysis and the

final voltage VRF can still be found as the superposition of

VRF,s and VRF,n .

One final wrinkle is the fact that the VRF,n loop will

generate its own new frequency terms (VRF,n2), shown in

green in Figure 11. These terms will then need their own

loop(s) to be analyzed properly, and this process could repeat

infinitely. Luckily, the terms in IRF,n are of magnitude εn ,

so VRF,n2 is of magnitude ε2
n . As we have throughout this

analysis, we will ignore terms with magnitude ε2
n , and so the

green blocks in Figure 11 can be ignored.

As in Section A, we would like to write a solely LTI

model for the system to allow for LTI circuit analysis. This

is not possible since VRF contains components at frequencies

Fig. 11. The result if components of Figure 10 are re-arranged according
to frequency so that LTI analysis can be used to resolve the feedback loop
present in the system. The same color scheme from Figure 10 applies.

other than the input frequency ωs . However, if we define a

fictitious perturbation input Vs,n = A sin [(ωs ± ωn)t + θ ], we

can define a transfer function from Vs,n to VRF,n . Because

Vs,n has the same magnitude and phase as Vs , equation (18)

will accurately predict the VRF,n generated by the real input

signal Vs .

VRF,n =

(

εn Vs,n Zn(ωs ± ωn)

Zmix (ωs) + Zs

)

−

(

VRF,n

Zs

)

Zmix (ωs ± ωn)

VRF,n

Vs,n
=

εn Zn(ωs ± ωn)Zs

(Zmix (ωs) + Zs) (Zmix (ωs ± ωn) + Zs)
(18)

E. Specifying Z B B(ω) in Terms of ωn

To predict the RF noise spectrum given a noisy LO, we must

sweep ωn from 0 to ∞ and superpose the results to see the

magnitude of VRF,n for all the possible choices for ωn . Then

the RF spectrum can be plotted for a choice of ωL O , ωs ,

and Z B B . As we did in our qualitative analysis, we will start

by treating the LO phase perturbations as white (constant εn

across ωn), as would be generated by LO buffers, dividers,

etc. Later we will use an oscillator phase noise model, where

εn decreases at −20dB/decade as ωn increases.
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Since we are interested in the overall RF noise spectrum

given white phase perturbations in the LO, we must include

the effects of both the “+ωn” and “−ωn” components of

equation (18). The “+ωn” term will produce voltage pertur-

bations at the offset +ωn from ωs , while the “−ωn” term

captures frequencies below ωs . Therefore to derive the RF

spectrum (Vspec,n) given white phase perturbations across all

ωn ∈ [0,∞), we can use the following piecewise definition to

properly superpose both components of VRF,n:

Vspec,n(ω)

Vs,n

=

⎧

⎪

⎨

⎪

⎩

εn Zn(ωs − ωn)Zs

(Zmix (ωs) + Zs) (Zmix (ωs − ωn) + Zs)
ω < ωs

εn Zn(ωs + ωn)Zs

(Zmix (ωs) + Zs) (Zmix (ωs + ωn) + Zs)
ω ≥ ωs

(19)

Next, we will re-write Vspec,n solely in terms of absolute

frequency ω. For ω < ωs , ω = ωs − ωn , and for ω ≥ ωs ,

ω = ωs + ωn . With this substitution, both halves of the

piecewise equation are identical, so we can simply write an

equation with no restrictions on ω:

Vspec,n(ω)

Vs,n
=

εn Zn(ω)Zs

(Zmix (ωs) + Zs) (Zmix (ω) + Zs)
(20)

Now, we can define Z B B to see what form Vspec,n takes for

specific baseband impedances. For simplicity, we will assume

the baseband impedance is purely capacitive and the source

impedance is purely resistive such that Zs = Rs = 50	. This

models a bandpass N-path filter driven by a 50	 source.

Z B B,i(ω) =
1

jωC
∀ i ∈ [1, N]

Z B B(ω) = Z B B,1||Z B B,2|| . . . ||Z B B,N

=
1

jωNC
=

1

jωCtot

(21)

We define Z B B in terms of the total baseband capacitance

Ctot because our model considers a quadrature baseband

voltage rather than N separate, real baseband voltages. Because

each of the N real voltages see a baseband capacitor of value

C, the superposition of each of these voltages (VB B) sees

each of the baseband impedances (Z B B,i ∀ i ∈ [1, N]) in

parallel. Therefore, we use the total baseband capacitance,

Ctot . Substituting Z B B into equation (20) and setting Zs = Rs

gives:

Vspec,n

Vs,n
=

2 jCtot RsεnωL O

(

ω2 − ω2
s

)

K [2 jω + Ctot Rs(ω
2
L O − ω2)]

K = 2 jωs + RsCtot(ω
2
L O − ω2

s ) (22)

Examining equation (22), we see that there will always be

a zero (and so suppression of noise) at the signal frequency

(ω = ωs or ωn = 0). Additionally, we can see the magnitude of

the denominator is minimized at ω = ωL O , i.e. there is a noise

peak around the LO frequency ωL O (as long as ωs 	= ωL O ,

in which case the notch from the zero at ωs will dominate).

Additionally, if ω → ∞, this expression settles to one value,

but if ω → 0, it settles to a different value. This means that as

you move away from ωs in either direction, after the possible

peak at ωL O , moving toward DC settles to a different value

Fig. 12. MATLAB numerical simulation results with FL O = 2G H z for
Ctot = 80pF and several values of Fs given white phase noise. Fs is swept
through the following values with darker lines indicating higher frequencies:
Fs = {1.6 GHz, 1.9 GHz, 2 GHz, 2.1 GHz, 2.4 GHz}. All spectra are plot-
ted in dB.

then moving toward higher frequencies. Plots of this function

for a few choices of ωs are shown in Figures 12 and 13. In both

plots we see the zero at ωs creates a notch, while the peak

occurs at ωL O . We can also see how the white noise level set

far from ωL O settles to different values as long as ωs 	= ωL O .

F. Modelling Non-White Phase Noise

To find the RF noise profile with any desired symmetrical

power spectrum of phase noise, the steps of Section E can be

repeated, but with a few small changes.

First, instead of being a constant, εn must be a function

of ωn . We choose εn to match the desired power spectrum—for

example we will choose a −20dB/decade roll-off as ωn

increases to model oscillator-style phase noise. Choosing a

desired baseband impedance Z B B , allows one to write an

expression for
Vspec,n

Vs,n
. It is worth noting that any power

spectrum of phase noise can be modeled this way, assuming

the largest value of εn across frequency does not violate the

assumption εn << 1.

To proceed with our example, we define εn as follows:

εn =
ε0

|ωn|
=

ε0

|ω − ωs |
(23)

where ε0 is a constant used to set the overall noise power,

and ωn is, as always, the frequency offset of the LO per-

turbation, implying a perturbation on the LO spectrum at

εn =
ε0

|ωn |
=

ε0
|ω−ωL O |

. However, we are interested in the
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Fig. 13. MATLAB numerical simulation results with FL O = 2G H z for
Ctot = 320pF and several values of Fs given white phase noise. Fs is swept
through the following values with darker lines indicating higher frequen-
cies: Fs = {1.6 GHz, 1.9 GHz, 2 GHz, 2.1 GHz, 2.4 GHz}. All spectra are
plotted in dB.

output RF spectrum, where εn is the coefficient of VRF,n which

appears at ωs ±ωn . Therefore, close-in phase noise (small ωn)

appears around ωs at the RF port instead of ωL O , as written

in equation (23).

Additionally, note that for a real LO chain, noise at large

offsets (large ωn) is dominated by white noise rather than this

−20dB/decade characteristic. Therefore, by choosing εn as ωn

we will only accurately predict the spectrum near ωL O . If we

proceed considering this limitation, equation (22) becomes:

Vspec,n

Vs,n
=

2 jCtot Rsε0ωL O (ω + ωs)

K [2 jω + Ctot Rs(ω
2
L O − ω2)]

(24)

Notice that there is no longer a zero near ω = ωs , as

the phase noise peak around ωn = 0 perfectly cancels that

zero. Otherwise, the equation is unchanged, implying the noise

peak around ωL O remains for all choices of ωs . Plots of

equation (24) for frequencies near ωL O are shown in Figures

14 and 15. As expected, there is a noise peak at ωL O for all

values of ωs , and there is no longer a notch around ωs .

For greater than −20dB/decade of noise roll-off, such as

the −30dB/decade that occurs close-in due to oscillator flicker

noise, a noise peak will appear around ωs , but reduced in slope

to −10dB per decade of offset in ωn .

IV. SIMULATION AND MEASUREMENT RESULTS

In order to confirm the above analysis, we performed numer-

ical simulations in MATLAB and Cadence. We also confirmed

our results with measurements of a frequency-scaled, board-

level implementation of an N-path filter.

A. MATLAB Simulations

In MATLAB, we first implemented a numerical version of

the mathematics described above, where the LO is described

by quadrature sinusoids generated from a time-series of noisy

phases, and the code computes explicit current-mode down-

conversion, baseband integration, and voltage upconversion,

all interacting with a 50-ohm RF signal source. We also

developed a MATLAB model of an 8-phase passive mixer,

with 8 switches whose conductance varies in time according

to a similar time-series of noisy phase. In each case the

RF sinusoidal input was introduced through a resistance Rs ,

and swept in frequency around a constant LO frequency

(FRF = 1.6GHz, 1.9GHz, 2 GHz, 2.1GHz and 2.4GHz,

for FL O = 2GHz). The resulting RF voltage time-series

was then Fourier-transformed to compute a power spectrum

in each case. Power spectra were averaged across many

simulations. Comparisons of our analytical results, ideal mixer

simulations and 8-phase switched simulations are shown in

Figures 12 and 13 for white phase noise. The simulation results

share many properties with our model, including a noise peak

around the LO, and notching around the RF signal. However,

we see that the depth of the notch around Fs is shallower for

numerical simulations in general—especially for the 8-phase

switch simulations. It appears that this is a consequence of

harmonic interactions with the white phase noise folding back

from higher harmonics and setting a noise floor. Since we

neglect harmonic conversion effects in our model, any phase

noise conversion due to those harmonics will not appear in the

analytical plots. Nonetheless, the analytical predictions hold

regarding the general shape of noise on the RF port due to

phase noise.

Also of interest is the case where phase noise is non-white,

but follows the −20dB/decade slope associated with oscillator

phase noise. We simulated this by generating phase noise as

a cumulative phenomenon over time (i.e. as a random walk)

as is seen in real oscillators. Our analysis predicts that this

noise peaking should be counter-acted by the notch (zero)

associated with ωn → 0. This should reduce the effects of

noise folding in from harmonics, as noise is now concentrated

around the LO. Indeed, we see (in Figures 14 and 15) that for

such oscillator-like noise, analysis and numerical simulation

are almost perfectly identical. Furthermore, as before the noise

is clearly larger close to the LO frequency, and the noise

increases overall as |ωL O − ωs | decreases.

The actual shape of the noise is set by the filter properties

of the mixer, and not that of the phase noise. This can be

seen in Figure 16, where the spectrum of oscillator-like noise

generated for our MATLAB simulations is compared with

the output noise spectrum. The output follows the 1-pole

lowpass characteristic of Z B B , as evidenced by the discrepancy

between the two curves close to FL O , where the phase noise

forms a sharp peak while the output noise flattens out due to

the flat passband of Zmix ||Zs for very small ωn (the single

sharp peak at FL O is associated with the signal tone at FL O ).
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Fig. 14. MATLAB numerical simulation results with FL O = 2G H z

for Ctot = 80pF and several values of Fs given oscillator-style phase
noise. Fs is swept through the following values with darker lines indicating
higher frequencies: Fs = {1.6 GHz, 1.9 GHz, 2 GHz, 2.1 GHz, 2.4 GHz}.
All spectra are plotted in dB.

Fig. 15. MATLAB numerical simulation results with FL O = 2G H z

for Ctot = 80pF and several values of Fs given oscillator-style phase
noise. Fs is swept through the following values with darker lines indicating
higher frequencies: Fs = {1.6 GHz, 1.9 GHz, 2 GHz, 2.1 GHz, 2.4 GHz}.
All spectra are plotted in dB.

B. Cadence Simulations

We also confirmed our analysis in Cadence by simulating

real passive mixer and LO generation circuits similar to those

reported in [7]. These simulations were performed by adding

a phase perturbation at some offset ωn from a sinusoidal

Fig. 16. Comparison of the oscillator-like phase noise used in our numerical
simulation (lighter curve) and the output spectrum for Fs = FL O (darker
curve). The output noise spectrum’s shape is determined by the baseband
impedance, not the oscillator’s phase noise skirt.

Fig. 17. A diagram of the Cadence simulation used to generate Figure 18. The
LO pulses are generated using a frequency divider, and the phase perturbations
are injected at the initial LO input at 4ωL O . These LO pulses go into
an 8-phase passive mixer loaded with capacitors on the baseband port. Finally,
the signal source drives VRF through Rs = 50	.

source at 4∗ FL O , passing that into real LO generation circuits

which divide the frequency by 4 and produce 8-phase non-

overlapping pulses for the mixer switches, and then injecting

a signal at ωs into the RF port of a passive mixer (this

LO generation method is discussed in more detail in [7]).

A schematic of this setup is given in Figure 17. By sweeping

ωn over a wide frequency range and superposing the results,

we can build a transfer function approximately equivalent to

the RF power spectrum, as long as εn is kept small. The

results of schematic simulations are shown in Figure 18 for

Ctot = 320pF, indicating a transfer function from phase

perturbations to voltage perturbations in VRF with a similar

frequency response to those seen in our analysis.

Note that this simulation is more akin to the impact of a

spur in the LO (as opposed to broad-band noise). As such, it

captures the same kind of transfer function as the analysis in

Section III, but does not replicate the harmonic effects seen

with wide-band white noise in Figures 12 and 13.

C. Frequency-Scaled Implementation Measurements

Finally, we constructed a PCB according to the circuit in

Figure 19 to demonstrate our model using real circuits. The

board allowed us to repeat the method used in the Cadence

simulation (sweeping an explicit phase perturbation at the



TAPEN et al.: IMPACT OF LO PHASE NOISE IN N-PATH FILTERS 1491

Fig. 18. Simulations of the Cadence circuit with different values of ωn

superposed to generate a full RF spectrum. FL O = 1 GHz, C = 40pF
(Ctot = 320pF), and Fs is swept from 800 MHz to 1200MHz. Darker curves
correspond to higher source frequencies (Fs ). White phase noise was used as
in Figures 12 and 13, however the fractional bandwidth here is different, as
in our MATLAB simulations FL O = 2 GHz.

Fig. 19. The schematic for our board-level N-path filter implementation.
LO pulses are generated internally by the MAX4617 based on the BB port
selected by the free-running 74HC161 counter. Unlike in the Cadence circuit,
this method requires the LO to operate at eight times the desired center
frequency. A 100	 source impedance was chosen instead of 50	 to keep the
effects of switch resistance negligible (the MAX4617 features RO N = 10	).

offset ωn) with real hardware, albeit at lower frequency.

Figure 20 shows the results of sweeping ωn for multiple source

frequencies. The real-world results match almost perfectly

with our model and with the Cadence simulation. The only

deviation from our model is a small amount of power at

2FL O − Fs , which is due to imperfect image cancellation

caused by the fact that the MAX4617 has some LO pulse

overlap when switching between baseband ports.

It is worth noting that one limitation of our model is the

assumption that mixing can be modeled with simple multipli-

cation. One way this is evident is in the discrepancy in the

depth of notches in our numerical simulations. Another is the

fact that in any simulation where the 8-phase switching aspect

of the mixers are captured, we see additional noise peaks

around LO harmonics (2FL O , 3FL O , . . .). Because we do not

account for harmonic mixing in our analysis, our predicted

Fig. 20. The output spectrum of VRF from Figure 19. Results are shown
using the following values: FL O = 500kHz, Rs = 100	, and Ctot = 160nF.

spectra are only accurate for F ∈ [
FL O

2
, 3FL O

2
], as closer to

2FL O the 2nd harmonic mixing effects become dominant.

V. CONCLUSION

In this paper, we developed a framework for analyzing phase

noise in passive mixer circuits, and we specifically investigated

the behavior of N-path filters given a noisy LO. Our analysis

assumed no harmonic mixing, and only small phase perturba-

tions in the LO, and is therefore only accurate for frequencies

near FL O . For a white phase noise input, we see a peak in the

noise floor at FL O , and a notch at the input frequency Fs .

If oscillator-like phase noise with a −20dB/decade roll-off

is assumed, the notch perfectly cancels the expected peak

around Fs , leaving only the peak at FL O . Additionally, the

shape of the peak around FL O is not determined by the power

spectrum of the LO phase noise, but rather by the baseband

impedance of the N-path filter. The height of the noise peak

around FL O is also dependent on the strength of the signal

tone after the effects of the N-path filter. In other words, the

RF noise floor due to LO phase noise is not constant as Fs

changes—rather it decreases as Fs diverges from FL O .

The implication for RF design using N-path filters is that,

while the noise behavior differs in some ways from conven-

tional wisdom, low phase noise is still a critical specification

for the LO if low noise is crucial in the signal path of the

system when strong RF signals are present. Although the

noise contributed by out-of-band signals diminishes as Fs

diverges from FL O , any in-band signal will interact strongly

with the LO to produce the dominant noise voltage (except

very close to Fs ). Therefore, as long as there is any in-band

signal to pass, an N-path filter will reduce the system’s SNR,

unless the LO itself has negligible phase noise. If the only

frequencies of interest are those very close to FL O , LO phase

noise contributes little given an in-band tone, but out-of-band

inputs will still produce a noise peak near FL O , degrading the

noise performance very close to FL O .

In summary, we show that, unsurprisingly, phase noise

and/or spurs in the LO of a shunting passive N-path mixer

generates voltage noise and/or spurs in the presence of strong

RF signals. As with standard up- and downconversion mix-

ers, the magnitude of the noise depends on the magnitude
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of the phase noise, the magnitude of the RF signal, and

their frequency separation. However, this noise spectrum that

appears on the RF port is somewhat more complex than what

is encountered in simple up- or downconversion. Noise and

spurs appearing on the RF port are generally largest close

to the LO frequency, regardless of the precise frequency of

an out-of-band RF signal. Conversely, as the RF signal’s

frequency approaches the LO frequency, out-of-band noise

and spurs will increase in amplitude. Finally, under all con-

ditions, noise and spurs that appear close to the RF signal

frequency are suppressed. Thus, when designing N-path filters

to selectively suppress or pass strong RF signals, these results

can provide useful guidance in the design and specification

of LO circuits, regarding phase noise and acceptable spurs.

In addition, the analytical framework presented here can likely

be generalized for a variety of other related circuits, such as

N-path notch filters [4]–[6], tunable degeneration [7], and LTV

circulators [8].

APPENDIX

To expand and simplify, VRF , we first substitute the

expressions for VB B,I and VB B,Q from equation (14) into

equation (15) to get equation (25) shown at the bottom of the

page. Equation (25) can then be re-written as the sum of 1) the

previously found signal term VRF,s , 2) a term with magnitude

εn , and 3) a term with magnitude ε2
n , however we will ignore

the ε2
n term as we have assumed εn << 1.

To arrive at equation (26), shown at the bottom of the page,

we re-arrange equation (25) such that VRF,s holds all the signal

terms found in Section A, and we will write out the full εn term

using baseband currents and Z B B evaluated at each current’s

relevant frequency. Now, we would like to make equation (26)

more manageable. Specifically, we would like VRF in terms of

IRF,s , since the goal is to find the I-to-V characteristic of the

passive mixer. To do this, we will break out various terms from

equation (26) individually, and find that when we substitute in

our original definitions for IRF,s , SL O,I , and SL O,Q , they each

simplify to ± εn A
2

sin [(ωs ± ωn)t ± φn], which will allow us

to re-write equation (26) in a much simpler form.

A. Simplify “Low” Noise Term

First, we convert the “low” baseband term (Nlow) into the

time domain by plugging in our definitions for SL O,s , as well

as expressions for IB B,I n,low and IB B,Qn,low found using our

VRF = VB B,I ∗ (SL O,I s + εn SL O,I n) + VB B,Q ∗ (SL O,Qs + εn SL O,Qn)

=

(

[

VB B,I s,low + VB B,I s,high + VB B,I n,low + VB B,I n,high

]

∗ [SL O,I s + εn SL O,I n]

)

+

(

[

VB B,Qs,low + VB B,Qs,high + VB B,Qn,low + VB B,Qn,high

]

∗ [SL O,Qs + εn SL O,Qn]

)

(25)

VRF = VRF,s + εn

[

Z B B(ωs − ωL O ± ωn)(IB B,I n,low ∗ SL O,I s + IB B,Qn,low ∗ SL O,Qs)

+ Z B B(ωs + ωL O ± ωn)(IB B,I n,high ∗ SL O,I s + IB B,Qn,high ∗ SL O,Qs)

+ Z B B(ωs + ωL O)(IB B,I s,high ∗ SL O,I n + IB B,Qs,high ∗ SL O,Qn)

+ Z B B(ωs − ωL O)(IB B,I s,low ∗ SL O,I n + IB B,Qs,low ∗ SL O,Qn)
]

(26)

Nlow = IB B,I n,low(ω) ∗ SL O,I s(ω) + IB B,Qn,low(ω) ∗ SL O,Qs(ω)

→ IB B,I n,low(t) · SL O,I s (t) + IB B,Qn,low(t) · SL O,Qs(t)

= A
(εn

2
sin [(ωs − ωL O ± ωn)t ± φn]

)

SL O,I s + A
(εn

2
cos [(ωs − ωL O ± ωn)t ± φn]

)

SL O,Qs

=
εn A

2
sin [(ωs ± ωn)t ± φn] (27)

Nhigh = IB B,I n,high(ω) ∗ SL O,I s(ω) + IB B,Qn,high(ω) ∗ SL O,Qs(ω)

→ IB B,I n,high(t) · SL O,I s (t) + IB B,Qn,high(t) · SL O,Qs(t)

= A

(

−εn

2
sin [(ωs + ωL O ± ωn)t ± φn]

)

SL O,I s + A
(εn

2
cos [(ωs + ωL O ± ωn)t ± φn]

)

SL O,Qs

= −
εn A

2
sin [(ωs ± ωn)t ± φn] (28)

εn IRF,s(ω) ∗
[

SL O,I s (ω) ∗ SL O,I n(ω) + SL O,Qs(ω) ∗ SL O,Qn(ω)
]

→ εn IRF,s(t)
[

SL O,I s(t) · SL O,I n(t) + SL O,Qs(t) · SL O,Qn(t)
]

= εn A cos (ωs t) ·
[

cos (ωL O t) sin [(ωL O ± ωn)t ± φn] + sin (ωL O t) cos [(ωL O ± ωn)t ± φn]
]

= εn A cos (ωs t) ·
[−1

2
sin (±ωn t ± φn) +

1

2
sin [(2ωL O ± ωn)t ± φn]

−
1

2
sin (±ωn t ± φn) −

1

2
sin [(2ωL O ± ωn)t ± φn]

]

= −
εn A

2
sin [(ωs ± ωn)t ± φn] (29)
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definition for IRF,s and equation 12 into equation (27), shown

at the bottom of the previous page. After simplification, we

find that the “low” baseband term only produces a single tone

at ωs ± ωn in VRF .

B. Simplify “High” Noise Term

We repeat the same work for Nhigh , as we did for

Nlow—again plugging in expressions for IB B,I n,high and

IB B,Qn,high derived from equation (12) into (28). Again, we

get a single tone at ωs ± ωn , although the sign is reversed

compared with Nlow .

C. Equivalent Expression in Terms of IRF,s

Because both the “high” and “low” baseband components

simplify to ± sin [(ωs ± ωn)t ± φn], we can replace them with

another expression which simplifies to the same sine function,

but which is written in terms of IRF,s , SL O,I , and SL O,Q rather

than baseband currents. This will allow us to more clearly see

how IRF,s generates VRF .

We find that ±εn IRF,s [SL O,I s(ω)∗SL O,I n (ω)+SL O,Qs(ω)∗

SL O,Qn(ω)] can be substituted for Nhigh and Nlow as long as

the sign in front is correct, according to equation (29), shown

at the bottom of the previous page.

It can be shown via the same process that the noise terms

resulting from noisy upconversion of baseband signals also

end up solely at ωs ± ωn , and therefore the baseband currents

in those terms there can also be replaced the expression in

equation (29). Given all of these substitutions, equation (15)

can be simplified to equation (16) as asserted in the text.
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